Zinc sulfide nanoparticles (ZnS-NPs) were synthesized via a simple and facile co-precipitation method and were characterized by X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM) and diffuse reflectance spectroscopy (DRS). Photocatalytic activity of synthesized nanoparticles was evaluated in removal of double azo dye Direct Blue 14 (DB14) from aqueous media. Optimization of photocatalytic removal of DB14 was studied using response surface methodology (RSM). Based on the results, DB14 removal efficiency increased with increasing intensity and duration of UV light irradiation, whereas the higher pH and higher initial dye concentration were unfavorable. Under optimum conditions (initial DB14 concentration ¼10 mg L À1 , ZnS-NPs amount ¼ 0.7 g L À1 , pH ¼ 3.5, UV light intensity ¼16 W m À2 , and irradiation time ¼ 48 min), dye removal efficiency reached up to 88.26%. In continuation of our researches, non-linear regression analysis was used to development a kinetics model based on the Langmuir-Hinshelwood model and an empirical equation was obtained for estimation of apparent pseudo-first-order rate constant (k ap ) as a function of the operational variables. Findings indicated a high similarity was between the model prediction and experimental results.
INTRODUCTION
Water pollutants often contain organic and inorganic chemical compounds that have undesirable effects on human health and other organisms. Dye is one of the most important chemicals which influences the esthetic merit of water and prevents the penetration of sunlight required for photosynthesis to occur in aquatic environments. In addition, such compounds cause mortality in the aquatic ecosystem due to their toxicity (Agarwal et al. ; Asfaram et al. ) . Synthetic dyes are used in many fields such as the textile, paint, paper, leather, and food industries. It is obvious that creating colored effluents in these industries is unavoidable and, as such, there should be a remedy before the discharge of such effluents to the environment (Padmanaban et al. ) . Direct Blue 14 (DB14), which was taken as the model compound in the current study, is a double azo dye and can be found in the aforementioned industrial effluents. As is known, azo dyes are recalcitrant and persistent towards breakdown and because of their high degree of persistence in the environment, they can cause irreparable damage to flora and fauna (Punzi et al. ; Zhang et al. ) . According to the literature review, the use of simple and efficient approaches is crucial, since numerous attempts have been made to destroy such contaminants (Barragan et al. processes (AOPs) In the current research, a simple co-precipitation method was used to synthesize ZnS nanoparticles (ZnS-NPs). The experimental design was carried out using response surface methodology (RSM) conducted to remove DB14 azo dye by synthesized nanoparticles. Finally, kinetics modeling of the process was performed.
EXPERIMENTAL Materials
Zinc acetate dihydrate (Zn(CH 3 COO) 2 .2H 2 O) and sodium sulfide flakes (Na 2 S) were purchased from Merck (Germany) and Loba Chemie (India), respectively. DB14 was supplied by Acros Organics (USA), and its characteristics are illustrated in Table 1 . In all procedures, double distilled water was used.
Preparation and characterization of ZnS-NPs
The synthesis of ZnS-NPs by co-precipitation method often requires a capping agent (such as mercaptoethanol) and high operation temperature (Chandrakar et al. ) . In this study, ZnS-NPs were synthesized by a simplified method (at room temperature) which did not require a capping agent. An aqueous solution of Na 2 S (100 mL, 0.5 M) was magnetically stirred in a three-neck round-bottom flask under the presence of N 2 gas. After 30 min, a solution of zinc acetate (100 mL, 0.5 M) was added to the stirred solution of Na 2 S, drop-wise. The reaction was allowed to proceed under vigorous stirring for 1 h at room temperature.
Afterwards, the milky white color precipitate was collected by centrifugation and repeatedly rinsed with ethanol and deionized water in order to remove impurities. Finally, it was left to dry for 48 h at room temperature and thereafter crushed to obtain a fine powder. The prepared ZnS-NPs were characterized in detail by X-ray diffraction (XRD, X'Pert Pro, Panalytical) and field emission scanning electron microscopy (FE-SEM, SIGMA, Zeiss) equipped with energy dispersive X-ray (EDX, Oxford Instruments). The diffuse reflectance spectroscopy (DRS) spectrum was obtained using a UV-2550 Shimadzu spectrophotometer.
Design of experiments
Nowadays, the use of experimental designs to find ideal process settings and achieve optimal performance is becoming inevitable. Several professional softwares have been devel- at five levels (Àα, À1, 0, þ1, þα). Values of α can be calculated by α ¼ 2 k/4 , where k is the factor number. Table 2 lists the ranges and levels of the operational variables.
Based on the DX7 software offered, a total of 32 experiments were conducted and the results analyzed. The relationship between the input variables and outcome variable can be explained by the following mathematical model:
where y is the anticipated response and k is the number of autonomous variables. x i and x j are coded autonomous variables. x i 2 and x i x j represent the quadratic and interaction effects of autonomous variables, respectively. β 0 is the constant. β i , β ii , and β ij are coefficients for main, quadratic, and interaction effects, respectively. ε is the residual associated with the experiments (Sakkas et al. ) .
Photocatalysis experiments
Batch experiments were undertaken in a cylindrical glass reactor on a magnetic stirrer (300 rpm (2):
where C 0 and C t are the concentration of dye (mg L À1 ) when the reaction time is 0 and t, respectively.
It is to be noted that similar experiments were done in the dark for evaluation of dye adsorption. Nevertheless, the dye removal efficiency was negligible.
RESULTS AND DISCUSSION

Characterization of ZnS-NPs
As can be seen from the XRD pattern of as-prepared powder (a)) proves the morphology of ZnS particles is well formed at nanoscale and the histogram of particle size distribution shows the particles in the size of a range from 20 to 60 nm with a mean diameter of 41.72 nm (Figure 2(b) ). The EDX spectrum (Figure 2(c) ) indicates the presence of elemental zinc and sulfur signals, as well. The value of ZnS-NPs band gap was estimated to be 3.64 eV by the UV-DRS spectrum (data not shown here).
Optimization of operational variables by RSM
The operational variables of initial DB14 concentration, ZnS-NPs amount, pH, intensity and duration of UV light irradiation were investigated for evaluation of DB14 removal by UV/ZnS-NPs process. Details of the designed matrix by CCD as well as actual and predicted results are given in Table 3 .
To verify the model provided by software, analysis of variance (ANOVA) was conducted (Table 4) .
According to the data in Table 4 , the model F-value of 212.02 implies that the model is significant, and comparison with the actual and predicted results in Table 3 indicates this fact. Also, the Pred R-squared value of 0.9632 is in reasonable agreement with the Adj R-squared value of 0.9715 and this also confirms the significance of the model. In 
Likewise, statistics curves were plotted to ensure the validity of the model. As depicted in Figure 3 
On the other hand, increasing the initial concentration of dye reduces the removal efficiency (Figure 4 It is worth noting that similar results were obtained by photolysis process at a longer period of time (>180 min).
Kinetics modeling
According to the literature review, the Langmuir-Hinshelwood kinetics model is the most common model in the study of dye photocatalysis, and is expressed by Equation (10):
where r is the reaction rate (mg L À1 min À1 ), k is the reaction rate constant (mg L À1 min À1 ), K is the adsorption constant (L mg À1 ), and C is the dye concentration (mg L À1 ).
From the viewpoint of some researchers, the competitive adsorption by intermediates must also be considered and so, Equation (10) can be written as follows:
where K i and C i are the adsorption equilibrium constant and intermediates concentration, respectively. Based on the KC þ P K i C i is equal to KC 0 (C 0 is the initial dye concentration) and under these circumstances:
By considering the apparent rate constant, k ap (i.e., k app ¼ (kK)=(1 þ KC 0 )), Equation (12) can be summarized as a pseudo-first-order kinetic model (Soltani & Entezari ) :
Semi-logarithmic graphs of the DB14 concentration versus irradiation time at different values of operational variables (listed in Table 5) 
where α and β are the non-linear equation constants which are presented in Figure 6 .
It is clear from Figure 6 , k ap increases with increment of UV light intensity, whereas k ap decreases with increasing initial dye concentration and pH. These results are in good agreement with the interpretation of three-dimensional graphs ( Figure 4) and thus, k ap is a function of the operational variables as follows:
where a, b, and c are the superscripts of the non-linear equations reported in Figure 6 , and k 0 can be computed for each run by applying known values of k ap and operational variables. The average value of k 0 was achieved as 2.85.
By substitution of the mean value of k 0 and relevant constants in Equation (15) 
CONCLUSION
The results of the current study led to the conclusion that UV/ZnS-NPs process is an efficient method for removal of 
